Key message A platform of gene silencing by amiRNA had been established in fertile transgenic soybean. We demonstrated that knockdown of storage protein shifted the distribution of nitrogen sources in soybean seeds. Abstract Artificial microRNAs (amiRNAs) were designed using the precursor sequence of the endogenous soybean (Glycine max L. Merrill) miRNA gma-miR159a and expressed in transgenic soybean plants to suppress the biosynthesis of 7S globulin, which is one of the major storage proteins. Seed-specific expression of these amiRNAs (amiR-7S) resulted in a strong suppression of 7S globulin subunit genes and decreased accumulation of the 7S globulin subunits in seeds. Thus, the results demonstrate that a platform for gene silencing by amiRNA was first developed in fertile transgenic soybean plants. There was no difference in nitrogen, carbon, and lipid contents between amiR-7S and control seeds. Four protein fractions were collected from defatted mature seeds on the basis of solubility at different pH to examine the distribution of nitrogen sources and compensatory effects. In the whey and lipophilic fractions, nitrogen content was similar in amiR-7S and control seeds. Nitrogen content was significantly decreased in the major soluble protein fraction and increased in the residual fraction (okara) of the amiR-7S seeds. Amino acid analysis revealed that increased nitrogen compounds in okara were proteins or peptides rather than free amino acids. Our study indicates that the decrease in 7S globulin subunits shifts the distribution of nitrogen sources to okara in transgenic soybean seeds.
Introduction
Higher plants accumulate proteins, triglycerides and carbohydrates in sink tissues such as seeds, tubers, and tuberous roots. Dicotyledonous plants store considerable amounts of several families of storage proteins in seeds, which are mostly used as a source of carbon, nitrogen, and sulfur for seed germination and for the development of young seedlings (Herman and Larkins 1999) . Soybean possesses high-quality proteins used as sources of food and forage worldwide. Therefore, protein content in mature seeds is often evaluated in wild and cultivated soybean germplasms, which vary widely in this respect (Kwanyuen et al. 1997; Zhang et al. 2010) . Protein content in soybean seeds is a quantitatively inherited trait controlled by genotype and environmental interactions. Many Communicated by Kinya Toriyama.
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Electronic supplementary material The online version of this article (doi:10.1007/s00299-014-1671-y) contains supplementary material, which is available to authorized users. quantitative trait loci affecting protein content of soybean seeds have been detected by genetic analyses of hybrid populations derived from numerous crosses (Diers et al. 1992; Mansur et al. 1996; Sebolt et al. 2000; Pathan et al. 2013) . However, the mechanisms that control protein content in soybean seeds remain unknown.
Total protein content is determined by the accumulation of storage proteins in mature soybean seeds (Krishnan et al. 2007 ). Soybean seeds contain two major storage proteins, b-conglycinin (7S globulin) and glycinin (11S globulin); these proteins account for more than 50 % of the total protein (Samoto et al. 2007; Schmidt et al. 2011) . The 7S globulin is a heterotrimer or larger than a heterohexamer composed of three subunits: a, a 0 , and b (Thanh and Shibasaki 1978; Wadahama et al. 2012) . The 11S globulin is a heterohexamer of several subunits: A 1a B 1b , A 1b B 2 , A 2 B 1a , A 3 A 4 , and A 5 A 4 B 3 (Fischer and Goldberg 1982; Scallon et al. 1985; Nielsen et al. 1989) . A number of spontaneous or inducible mutants deficient in 7S or 11S subunits have been reported (Mori et al. 1981; Kitamura et al. 1984; Takahashi et al. 1994; Hajika et al. 1996) . These mutants have been often used to investigate the compensatory relations between 7S and 11S globulin subunits. A soybean mutant lacking all 11S globulin subunits except A 1a B 1b has an increased accumulation of 7S globulin subunits (Narikawa et al. 2010) . This mutant has also several differences from the wild type in the content of total protein and free amino acids (Narikawa et al. 2010) . Biochemical and immunological analyses of a line that lacks the a 0 -subunit of 7S globulin and has low content of the a-and b-subunits have revealed that the decrease in 7S globulin is compensated by an increased abundance of 11S globulin, with a strong negative correlation between the contents of 7S and 11S globulins (Ogawa et al. 1989) . Total protein content of the lines with low 7S globulin content is slightly higher than that of wild-type plants (Ogawa et al. 1989 ).
The loss of major storage proteins is sometimes compensated by an increase in storage proteins other than 7S and 11S globulins or free amino acids, which serve as nitrogen sources. A soybean line lacking both 7S and 11S globulins, generated by crossbreeding of lines carrying mutations that confer a storage protein deficiency, has normal nitrogen content in mature seeds due to compensation by the increased amounts of free amino acids and other proteins such as lipoxygenase and sucrose-binding protein (Takahashi et al. 2003 ). The composition of major storage proteins has been also modified by post-transcriptional silencing of target genes mediated by RNA interference (RNAi) in transgenic soybean plants (Kinney et al. 2001; Nishizawa et al. 2010; Schmidt et al. 2011) . Suppression of the a-and a 0 -subunits of 7S globulin increases the levels of the bsubunit and also those of the 11S globulin subunit precursors, P34 protein, and the vacuolar processing enzyme in transgenic soybean seeds (Kinney et al. 2001) . RNAi-mediated gene silencing of 7S and 11S globulins increases the levels of other storage proteins such as P34, lectin, and Kunitz trypsin inhibitor (KTI) (Schmidt et al. 2011) . In addition, the decrease in 7S globulin, 11S globulin, or both caused the formation of underdeveloped protein storage vacuoles (PSV) or the accumulation of endoplasmic reticulum (ER)-derived vesicles (a novel protein storage compartment) in soybean seeds (Kinney et al. 2001; Takahashi et al. 2003; Schmidt and Herman 2008 ). The composition of major storage proteins in soybean seed is closely associated with seed characteristics important for food processing such as gel-forming and emulsifying properties (Nakamura et al. 1984; Tezuka et al. 2000; Maruyama et al. 2004) . Several protein fractions from soybean seeds can be collected using differences in protein solubility at different salt concentrations and pH, and used to characterize the biochemical and physical properties of these proteins (Thanh and Shibasaki 1976; Iwabuchi and Yamauchi 1987; Samoto et al. 2007 ). Characterization of the protein fractions from soybean seeds with modified composition of 7S and 11S globulins would reveal the mechanisms that control the compensatory relations between 7S and 11S globulins and the distribution of the nitrogen sources in soybean seeds.
There are two or more genes for each 7S globulin subunits, which are duplicated in the soybean genome and share considerable sequence similarity Zhang 2011, Tsubokura et al. 2012) . In this study, we generated transgenic soybean plants with reduced levels of 7S globulin subunits to investigate changes in the distribution of the nitrogen sources and total protein content. We attempted to induce silencing of the 7S globulin subunit genes by expressing artificial microRNAs (amiRNAs) in soybean seeds. We considered this approach feasible, because high sequence complementarity between amiRNA and target gene transcripts allows specific gene targeting despite the presence of several paralogs or orthologs (Shi et al. 2010b; Toppino et al. 2011) . We have developed a platform for gene silencing mediated by amiRNA in fertile transgenic soybean plants. Four protein fractions in mature seeds of the transgenic soybean were separated on the basis of differences in protein solubility at different pH to investigate the distribution of nitrogen sources. Our results demonstrated that a decrease in 7S globulin subunits shifts the distribution of nitrogen sources to the residual (okara) fraction.
Materials and methods

Cloning of the gma-miR159a precursor
The precursor of gma-miRNA159a was chosen as the backbone for amiRNA expression. The precursor contains a stem loop of a moderate size (175 nucleotides) and a long transcribed region, and its expressed sequence tag is available in the NCBI database (http://www.ncbi.nlm.nih. gov/) as clone BM893181. Mature miRNA159a stem loop structure was retrieved from the published data (Zhang et al. 2008 ) and the miRBase database (http://www.mir base.org/). A fragment that included the stem loop and a partial backbone sequence (435 nucleotides) based on the BM893181 sequence was amplified from cDNA of the Japanese soybean variety Kariyutaka using the primer set Gm-amiR_F1 and Gm-amiR_R3 (Table S1 ). The amplified fragment was subcloned into the pUC19 cloning vector. The amplified sequence was identified to that of BM893181.
Designing 7S globulin-specific amiRNAs and vector construction According to the Phytozome database (http://www.phyto zome.net/search.php), we used six genes, Glyma20g28650, Glyma20g28660, Glyma10g39150, Glyma10g39170, Glyma20g28460, and Glyma20g28640 as target genes for amiRNA-mediated knockdown. Three 21-nucleotide sequences, 5 0 -UGCCGAGAACAACCAGAGGAA-3 0 , 5 0 -CAGUUUCUGUCUCAUUUGGCA-3 0 , and 5 0 -CAAUUC CCAUUCCCACGCCCA-3 0 , were chosen as the target sequences of the amiR-7S-A, amiR-7S-B, and amiR-7S-C, respectively, based on the sequence similarity of the six 7S globulin genes (Fig. 1a) . The amiR-7S-C was designed to suppress the expression of only putative a-subunit genes, Glyma20g28650 and Glyma20g28660. Specific primer sets (amiR-7S-A _R1, amiR-7S-A _F2, amiR-7S-A _R2, amiR-7S-A_F3, amiR-7S-B _R1, amiR-7S-B _F2, amiR-7S-B _R2, amiR-7S-B _F3, amiR-7S-C _R1, amiR-7S-C _F2, amiR-7S-C _R2, and amiR-7S-C _F3) were designed to replace antisense-miR159a (miR159a*) and miR159a with amiR-7S* and amiR-7S regions, respectively, in the gmamiRNA159a precursor (Table S1 ). The precursors of amiR-7S-A, amiR-7S-B, and amiR-7S-C, which contained the Xba I and Sac I restriction sites at the 5 0 and 3 0 ends, respectively, were amplified by overlapping PCR (Fig. 1b) . The precursor fragment of each 7S-amiR digested with Xba I and Sac I was inserted into the binary vector pMDC123-GFP (Sato et al. 2007 ). The cauliflower mosaic virus 35S (CaMV 35S) promoter, sGFP (Niwa et al. 1999) , and nopaline synthase terminator in the binary plasmid vector were replaced by the 7S globulin promoter (approximately 2.2 kbp of the promoter region of Glyma20g28650 from the cultivar Williams82), the precursor of amiR-7S, and the terminator from an Arabidopsis (Arabidopsis thaliana L.) Fig. 1 Target sequences of the amiRNAs and expression vector construction. a Complementarity between the sequences of the three designed amiRNAs (amiR-7S-A, amiR-7S-B, and amiR-7S-C) and the target transcript sequences of six 7S globulin subunit genes. Mismatches between the amiRNA and target sequences are indicated by gray characters. b Expression vector construction by overlapping PCR. The first PCR was conducted to replace miR159a and miR159a * (antisense miR159a) with amiR-7S and amiR-7S * (antisense amiR-7S), respectively. The second PCR was carried out using three PCR products containing overlapping sequences (gray bars) as template DNA to arrange amiR-7S and amiR-7S * in the frame of the gmamiR159a precursor. The overlapping PCR was performed under the following conditions: 35 cycles of 95°C for 30 s, 58°C for 30 s and 72°C for 20 s. The PCR products were inserted into an expression vector Plant Cell Rep (2014 Rep ( ) 33:1963 Rep ( -1976 Rep ( 1965 heat shock protein gene from the binary vector pRI 201-AN (TaKaRa Bio., Tokyo, Japan), respectively (Fig. 1b) . The expression vectors encoding the precursors of amiR-7S-A, amiR-7S-B, and amiR-7S-C were designated as pamiR-7S-A, pamiR-7S-B, or pamiR-7S-C, respectively.
Plant material and transformation
The Japanese soybean variety Kariyutaka was obtained from Hokkaido Prefectural Tokachi Agricultural Experiment Station, and was identical to the resource JP 86520 available from Genebank, National Institute of Agrobiological Science. Agrobacterium (Agrobacterium tumefaciens)-mediated transformation was performed according to the procedure of Yamada et al. (2010) with a modification: the cotyledonary node of each explant was wounded with a stainless steel surgical knife before the explants were prepared for infection with Agrobacterium harboring pamiR-7S-A, pamiR-7S-B, or pamiR-7S-C. Transgenic soybean plants expressing the precursors of amiR-7S-A, amiR-7S-B, or amiR-7S-C were named 7S-A, 7S-B, or 7S-C plants, respectively. A transgenic plant harboring only a selectable marker gene set (CaMV 35S promoter, phosphinothricin acetyltransferase gene [Bar] , and CaMV polyA signal) was used as a control plant.
Storage protein analyses in mature seeds
Mature seeds were ground using a mortar and pestle. The powder (5 mg) was suspended and vigorously mixed in 1 mL of protein extraction buffer (50 mM Tris-HCl, pH 8.0, 0.2 % SDS, 5 M urea, 2 % 2-mercaptoethanol) for 10 min. The suspension was centrifuged at 14,0009g for 2 min and the supernatant (4 lL) was subjected to SDS-PAGE in a 5-12 % gradient gel. Separated proteins were transferred to a PVDF membrane (Hybond-P; GE Healthcare, Little Chalfont, UK). Blots were blocked in a 5 % skim milk (Wako, Osaka, Japan) solution overnight at 4°C. Recombinant A 1a B 1b and A 3 B 4 11S globulin subunits were produced in Escherichia coli (Prak et al. 2005) , and antisera were raised in rabbits against the recombinant proteins. Polyclonal antibodies specific to 7S globulin a, a 0 , and b subunits were described previously (Mori et al. 2004; Nishizawa et al. 2003) . Western blot and detection analyses were performed with the antisera described above and the ECL Plus Western Blotting system (GE Healthcare).
Southern blot analysis
Total DNA was isolated from fresh leaves (1.0-2.0 g) of 7S-A transgenic soybean plants (T 2 ) as described by Yamada et al. (2002) . The digested DNA was transferred to a nylon membrane (Hybond-N?; GE Healthcare). The stem loop fragment of the amiR-7S-A precursor was used as a specific probe for Southern blot analysis using the primer set of amiR-7S-A_F2 and amiR-7S-A_R2 (Table  S1 ). Probe labeling, hybridization, and detection were carried out using the AlkPhos Direct Labeling System (GE Healthcare).
Expression analysis by quantitative RT-PCR (qRT-PCR)
Total RNA was extracted from developing T 3 seeds (R6 stage) of 7S-A plants by the LiCl precipitation procedure (Dwiyanti et al. 2011 ) with several modifications. Immature seeds (approximately 300 mg) were ground into a fine powder in liquid nitrogen using a mortar and pestle. The powder was mixed with 600 lL of RNA extraction buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA, pH 8.0, 100 mM NaCl, 1 % SDS) and 300 lL of Tris-saturated phenol (pH 8.0). Chloroform:isoamyl alcohol (24:1 [v/v]; 300 lL) was added to the sample, the solution was mixed vigorously, and the aqueous and organic layers were separated by centrifugation at 20,0009g for 10 min. RNA was precipitated by the addition of 0.3 volumes of 8 M LiCl. Removal of DNA by DNase I and cDNA synthesis from purified total RNA were carried out as described by Dwiyanti et al. (2011) .
QRT-PCR was conducted in a 20-lL volume containing 9.2 lL of diluted cDNA solution, 0.8 lL of each primer (1 lM) and 10 lL of SYBR Premix Ex Taq II (Tli RNaseH Plus) (TaKARa Bio.). The reaction was performed in a CFX96 Real-Time System (Bio-Rad Laboratories Inc., Tokyo, Japan) under the following conditions: 40 cycles of 95°C for 30 s, 56°C for 30 s and 72°C for 30 s. The specificity of amplification was verified by melting-curve analysis. The expression levels of 7S globulin genes were normalized to that of the b-tubulin gene. On the basis of sequence similarity, expression analyses of 7S globulin genes were evaluated as Glyma20g28650 plus Glyma20g28660, Glyma10g39150, Glyma10g39170, and Glyma20g28460 plus Glyma20g28640. Primers used for each 7S globulin gene, endogenous gma-miRNA159a, and b-tubulin were as follows: a-alike487_ReTiF1, a-alike581_ReTiR1, ap485_ReTiF1, ap-662_ReTiR1, ap-like1496_ReTiF1, aplike1697_ReTiR1, b-blike1345_ReTiF1, b-blike1411_R-eTiR1, miR159a366_ReTiF1, miR159a461_ReTiR1, b-tubulinF1, and b-tubulinR1 (Table S1 ).
Northern blot analysis
Low-molecular-weight (LMW) RNA was isolated from T 3 immature seeds of a 7S-A-2 plant as described by Goto et al. (2003) with some modifications. Immature seeds (approximately 300 mg) were ground into a fine powder in liquid nitrogen using a mortar and pestle. The powder was mixed with 3 mL of LMW RNA extraction buffer (100 mM Tris-HCl, pH 8.0, 20 mM EDTA, 200 mM NaCl, 4 % N-lauroyl sarcosine, 16 mM dithiothreitol). The mixture was vigorously mixed with 3 mL of phenol:chloroform:isoamyl alcohol (PCI; 25:24:1 v/v). The aqueous phase was separated by centrifugation 2,0009g for 5 min, again mixed with 3 mL of PCI, and the centrifugation was repeated. The aqueous phase was mixed in 0.3 volume of 8 M LiCl, and the mixture was kept in crushed ice overnight. Nucleic acids were precipitated with ethanol from the upper phase separated from the LiCl mixture. LMW RNA was collected from the nucleic acid solution by polyethylene glycol precipitation.
LMW RNAs were separated in a denaturing 14.3 % polyacrylamide gel. Separated RNAs were transferred to a nylon membrane (Hybond-N?; GE Healthcare). A 21-nucleotide probe was designed to detect the production of amiR-7S and labeled using a DIG Oligonucleotide 3 0 -End Labeling Kit, 2nd Generation (Roche Diagnostics, Mannheim, Germany).
Measurement of nitrogen and carbon contents of mature seeds
Seeds of 7S-A plants were kept for more than 10 days in a desiccator to remove extra moisture. The seed coat was removed with a surgical knife. Embryos without a seed coat were ground using a mortar and pestle. The fine powder was used for measurements of nitrogen and carbon contents using a Micro Corder JM10 (J-Science Lab Co., Kyoto, Japan). These analyses were supported by the Instrumental Analysis Division, Equipment Management Center, Creative Research Institution, Hokkaido University.
Measurement of lipid content
Mature T 3 seeds of 7S-A plants were ground using a mortar and pestle. Fatty acids were analyzed according to the method of Shibata et al. (2008) . Lipid content was calculated as the total fatty acid content (palmitic, oleic, linoleic, and linolenic acids) determined by gas chromatography based on the ratio of the areas of respective peaks to that of heptadecanoic acid.
Fractionation of mature seed protein
Fractionation of seed protein of 7S-A plants was performed according to the patent JP 2010-193909 with some modifications (Fig. S1 ). Mature T 3 seeds were kept for 2 weeks with silica gels in a desiccator. Soybean meal (grinded seed; 130 mg) was mixed vigorously with 780 lL of hexane to defat the meal. The mixture was incubated at 40°C for 5 min. The aqueous phase was removed after centrifugation at 1,0009g for 5 min. Defatting was performed twice. Defatted soymeal (100 mg) was resuspended in 700 lL of water, adjusted to pH 7.5 with NaOH, mixed vigorously for 30 min, and centrifuged at 1,0009g for 10 min. The precipitate was resuspended in 500 lL of distilled water, mixed vigorously for 30 min, and centrifuged at 1,0009g for 10 min. The precipitate and the supernatant from these two fractionations were considered as the residual fraction and defatted soymilk, respectively. Defatted soymilk was adjusted to pH 4.5 with HCl, and mixed with a final concentration of 1.4 % 2-mercaptoethanol for 10 min at room temperature. The mixture was centrifuged at 1,0009g for 10 min. The supernatant was considered as the whey fraction. The precipitate was resuspended in 250 lL of water containing 1.4 % 2-mercaptoethanol and mixed vigorously for 10 min. During mixing, 250 lL of 2 M sodium sulfate containing 1.4 % 2-mercaptoethanol was gradually added, and the suspension was mixed vigorously for a further 10 min and centrifuged at 10,0009g for 20 min. The supernatants and the precipitates from the two fractionations were considered as the MSP fraction and LP fraction, respectively. The pH of each sample was measured with a compact pH meter (LAQUAtwin B-712; Horiba, Kyoto, Japan).
Analyses of protein fractions of mature seeds
The residual, whey, MSP, and LP fractions were used to measure the nitrogen content and to analyze the protein distribution. Nitrogen content was measured by a Micro Corder as described above for mature seeds. For protein analysis, each fraction was suspended in protein extraction buffer as for protein analysis in mature seeds. Proteins in each the residual, the whey, the MSP, and the LP fraction were separated by SDS-PAGE. Separated proteins were evaluated by Coomassie Brilliant Blue (CBB) staining.
Amino acid analysis in the residual fraction of mature seeds
The residual fraction from 7S-A plants was used for total and free amino acid analyses. Free amino acids were extracted from the freeze-dried residual fraction by homogenization in 75 % ethanol. The extract was filtered and subjected to amino acid analysis. Amino acids were analyzed by the post-column ninhydrin detection method using one of two automatic amino acid analyzers JLC-500/ V (Nihondennshi, Tokyo, Japan) or L-8900 (Hitachi HighTechnologies Co, Tokyo, Japan). Total amino acids were first treated by an oxidation with performic acid at 4°C for Plant Cell Rep (2014 ) 33:1963 -1976 1967 16 h. The oxidized samples were hydrolyzed with 6 M hydrochloric acid 110°C for 24 h and analyzed on one of the amino acid analyzers. Tryptophan content was evaluated in the oxidized samples hydrolyzed with 3 M mercaptoethanesulfonic acid at 110°C for 22 h. All analyses were supported by the Instrumental Analysis Division, Equipment Management Center Creative Research Institution, Hokkaido University.
Biological replicates in the above measurement of seed components Carbon, nitrogen, lipid, and amino acid contents in mature seeds and/or protein fractions were shown as means and standard deviation for three biological replicates of each amiR-7S-A and control plants. These transgenic plants were grown under the condition at 23°C for 16-h photoperiod.
Electron microscopic immunocytochemistry of mature seeds
Cotyledons from 7S-A and control plants were fixed for 2 h in 4 % (v/v) formaldehyde, 0.05 % (v/v) glutaraldehyde solution at 4°C. The tissues were washed in 100-mM sodium phosphate (pH 7.2), dehydrated in a graded ethanol series, and embedded in LR White resin (London Resin, Basingstoke, UK). Ultrathin sections were cut with a glass knife and mounted on formvar/carbon-coated grids. The sections were blocked with 1 % (w/v) BSA in PBS and incubated with antisera specific to the A1aB1b subunit of 11S globulin in 1 % (w/v) BSA-PBS. The sections were washed with 1 % (w/v) BSA-PBS and incubated with a secondary antibody conjugated to 15-nm gold (BBI Solutions, Cardiff, UK) in 1 % (w/v) BSA-PBS at room temperature. After washing, sections were stained with 4 % (w/v) uranyl acetate and 80-mM lead nitrate. The grids were examined with a transmission electron microscope (model H-7100; Hitachi, Tokyo, Japan).
Statistical analysis
A statistical F test was performed to evaluate the population variances among all samples. The Student's t test or the Welch's t test were used to examine whether population means are significantly different from amiR-7S and control plants. All statistic data were evaluated significantly different from the control when P values were \0.05. The asterisks in the Figures and Tables indicate statistical significance: *P \ 0.05; **P \ 0.01; with respect to the control.
Results
Accumulation level and composition of storage proteins in mature seeds
We examined the composition of storage proteins in mature T 2 or T 3 seeds of nine amiR-7S plants (7S-A, 7S-B, and 7S-C). The SDS-PAGE profiles showed a large change in the distribution of 7S globulin subunits (Fig. 2a) . In five plants (7S-A-2, 7S-A-5, 7S-B-1, 7S-B-2, and 7S-B-10), accumulation of all 7S globulin subunits was strongly suppressed (Fig. 2b) . The accumulation of the a-subunit decreased in 7S-C-1 and 7S-C-4 plants, whereas the accumulation of the b-subunit in 7S-C-2 and 7S-C-4 was higher than in the control seeds (Fig. 2b) . All 7S-A, 7S-B, and 7S-C plants showed normal plant height, plant shape, seed shape, and seed size. Three 7S-A plants, which expressed the precursor of amiR-7S-A with the highest sequence complementarity to the transcripts of target genes among the amiR-7S series (Fig. 1a) , were used in further analyses. Southern blot analysis revealed that one to six transgene copies were integrated into the genomes of the 7S-A plants (Fig. S2) . Expression levels of the 7S globulin subunit genes
The expression levels of the 7S globulin genes were evaluated in immature T 2 seeds of three T 1 plants (7S-A-1, 7S-A-2, and 7S-A-5). Glyma20g28650 and Glyam20g2 8660 were considered as a-subunit genes. The expression level of the a-subunit genes, evaluated as the sum of the two transcripts because of their high sequence similarity, was 5 % lower in the 7S-A seeds than in the control seeds (Fig. 3a) . Glyma10g39150, considered as an a 0 -subunit gene, was also strongly down-regulated in 7S-A seeds (Fig. 3b) . On the other hand, Glyma10g39170, which encodes the other a 0 -subunit isoform, was strongly suppressed only in 7S-A-2 (Fig. 3c ). Glyma20g28460 and Glyma20g28640 were considered as b-subunit genes. The expression level of the b-subunit genes, evaluated as the sum of the two transcripts because of their high sequence similarity, was much lower in 7S-A seeds than in the control seeds (Fig. 3d) .
Expression levels of endogenous gma-miR159a and amiR-7S-A
The design of amiR-7S-A was based on the precursor of endogenous soybean gma-miR159a (Fig. 1b) . Overexpression of a gene sometimes causes suppression of both endogenous and exogenous genes (Napoli et al. 1990; Kinney et al. 2001) . Suppressed expression of endogenous gma-miR159a would seriously damage the development and growth of 7S-A plants, because the miR159 family (which includes miR159a and miR159b) controls the expression of several transcription factors associated with pleiotropic morphological effects or programmed cell death in Arabidopsis (Allen et al. 2007; Alonso-Peral et al. 2010) . Therefore, we examined the expression level of endogenous gma-miR159a in the 7S-A-2 plant, which showed the strongest suppression of all six 7S globulin subunit genes (Fig. 2) . We designed the specific prime set to detect the transcript of gma-miR159a (Fig. 4a) . We found no statistically significant difference in the gmamiR159a expression levels between 7S-A-2 and control seeds (Fig. 4b) . Northern blot analysis using the specific probe for amiR-7S-A revealed that the 7S-A-2 plant produced amiR-7S-A (Fig. 4a, c) .
Levels of nitrogen, carbon, and lipids in mature seeds
Large changes in storage protein composition might decrease the protein content in mature seeds. Therefore, we evaluated nitrogen content in mature T 3 seeds of 7S-A plants, and found no significant difference from control a Expression levels of a-subunit genes (Glyma20g28650 and Glyma20g28660). b Expression levels of a 0 -subunit gene (Glyma10g39150). c Expression levels of a 0 -subunit gene (Glyma10g39170). d Expression levels of b-subunit genes (Glyma20g28460 and Glyma20g28640). All expression levels were determined by normalizing the PCR threshold cycle number of each target gene to that of the b-tubulin gene (Glyma08g01740) as a reference gene. Data are mean ± SD of three independent experiments Plant Cell Rep (2014 Rep ( ) 33:1963 Rep ( -1976 Rep ( 1969 seeds (Fig. 5a ). Nitrogen content of soybean seeds is generally converted to crude protein content by multiplying by 6.25. According to this formula, the crude protein contents were 40.4 ± 0.8 (%), 44.3 ± 2.2, 41.6 ± 0.4, and 43.0 ± 2.2 in the control, 7S-A-1, 7S-A-2, and 7S-A-5 seeds, respectively. We also evaluated the carbon content in mature seeds of 7S-A and control plants, and found that it was approximately 50 % in all seeds (Fig. 5b) . A strongly negative relationship has been reported between the lipid and protein contents in mature soybean seeds (Brim and Burton 1979; Cober and Voldeng 2000; Shi et al. 2010a) . In line with similar protein content in all 7S-A seeds, there was no significant difference in lipid content in 7S-A and control plants (Fig. 5c ). Fatty acid composition (percentage of total fatty acids) was the similar in mature seeds of all plants (data not shown).
Nitrogen levels in protein fractions of defatted soymeal
There was no significant difference in the nitrogen content between 7S-A and control seeds (Fig. 5a ), although SDS-PAGE analysis showed a decreased accumulation of 7S globulin subunits in 7S-A seeds (Fig. 2) . We examined the distribution of proteins in the whey, residual, major soluble protein (MSP), and lipophilic (LP) fractions of defatted soymeal (Fig. S1 ). There was no significant difference in the nitrogen content in the whey fraction (Fig. 6a) . Nitrogen content per 100 mg defatted soymeal was decreased by approximately 0.96 ± 0.16 mg in the MSP fraction from the 7S-A plants in comparison with control plants (Fig. 6b) . Nitrogen content in the residual fraction from 7S-A seeds was higher than in that from control seeds (Fig. 6c) . There was no change in the nitrogen content in the LP fraction (Fig. 6d) .
Protein distribution in fractions from defatted soymeal
To confirm changes in protein distribution, we evaluated SDS-PAGE profiles of protein fractions from 7S-A-2 plants, which had the strongest suppression of 7S subunit accumulation. There was no appreciable differences except slight accumulation of 7S globulin subunits in the residual fraction between 7S-A and control seeds (Fig. S3) . A marked decrease in 7S globulin subunits was observed in the MSP fraction of 7S-A seeds (Fig. S3 ). There were no considerable differences between 7S-A and control seeds in protein composition of the whey and LP fractions (Fig. S3) .
Amino acid content and composition in the residual fraction of defatted soymeal
We examined the content and composition of amino acids in the residual fractions from 7S-A-1 and 7S-A-2 seeds. Most amino acids, except aspartic acid (whose content is a sum of asparagine and aspartic acid) and cysteine, were increased significantly in 7S-A seeds (Table 1) . As a result, total amino acid content of 7S-A seeds (11.475 ± 1.401 and 10.722 ± 0.356 mg/100 mg defatted soymeal in 7S-A-1 and 7S-A-2, respectively) was significantly higher than that (6.301 ± 1.575) of control seeds (Table 1) .
We also analyzed the composition of free amino acids in the residual fractions of 7S-A and control seeds. Many amino acids (except aspartic acid, cysteine, isoleucine, leucine, and methionine) were increased significantly in 7S-A seeds (Table  S2) . Free amino acid content of 7S-A seeds (151.724 ± 35.551 and 125.403 ± 15.159 lg/100 mg defatted meal in 7S-A-1 and 7S-A-2, respectively) was much higher than that (49.237 ± 8.329) of control seeds (Table S2) .
We calculated the nitrogen content based on the content of each amino acid in the residual fractions of the 7S-A and control seeds. Nitrogen content derived from total amino acid content was increased significantly in the 7S-A seeds (1.62 ± 0.215 and 1.51 ± 0.047 mg/100 mg defatted meal in 7S-A-1 and 7S-A-2, respectively) in comparison with the control seeds (0.874 ± 0.223) (Fig. 7a) . Nitrogen content derived from free amino acids was also higher in 7S-A seeds (0.036 ± 0.001 and 0.029 ± 0.004 mg/100 mg defatted meal in 7S-A-1 and 7S-A-2, respectively) than in the control seeds (0.009 ± 0.001) (Fig. 7b) . These results indicate that total amino acids strongly contribute to the difference in nitrogen content between the residual fractions from the 7S-A and control seeds. Plant Cell Rep (2014 Rep ( ) 33:1963 Rep ( -1976 Rep ( 1971 Quantitative changes in 11S globulin subunits and their localization in mature seeds
The abundance of two precursors of 11S globulin subunits (ProGY1 and ProGY5) was slightly increased in mature 7S-A seeds in comparison with control seeds (Fig. S4) . However, there were no differences in the amounts of A 1a B 1b and A 3 A 4 subunits between 7S-A and control seeds (Fig. S4) . We also examined organelle morphology in mature seeds by electron microscopy, and found no differences in PSV and oil body morphology between the 7S-A and control seeds (Fig. 8a, b) . Immunoelectron microscopic analysis showed that mature 7S-A seed accumulated A 1a B 1b subunit preferentially in PSV (Fig. 8c) .
Discussion
Gene silencing mediated by amiRNA has been used in many higher plants such as Arabidopsis, rice (Oryza sativa L.), Populus (Populus trichocarpa Torr. and Gray), tomato (Solanum lycopersicum L.), tobacco (Nicotiana tabacum L.), eggplant (Solanum melongena L.), and wheat (Triticum aestivum L.) to verify the functions of target genes (Niu et al. 2006; Warthmann et al. 2008; Shi et al. 2010b; Fernandez et al. 2009; Ai et al. 2011; Toppino et al. 2011; Fahim et al. Fig. 7 Nitrogen content derived from amino acids in the residual fraction of 7S-A seeds. a Nitrogen content from total amino acids. b Nitrogen content from free amino acids. Data are means ± SD of three replicates for two 7S-A and two control plants There have been no reports on the production of fertile transgenic soybean plants expressing amiRNA, although a transmembrane receptor kinase gene was knocked down in transgenic soybean roots to examine the relationship between its expression level and resistance to cyst nematode (Heterodera glycines Ichinohe) (Melito et al. 2010 ). In our study, the expression of three amiRs (amiR-7S-A, amiR-7S-B, and amiR-7S-C) resulted in large changes in the composition of 7S globulin subunits in transgenic soybean seeds. Thus, we have developed a platform for gene silencing by amiRNA in fertile transgenic soybean plants. Interestingly, 7S-B plants had the same composition of 7S globulin subunits as 7S-A plants: in both cases, accumulation of all subunits (a, a 0 , and b) was strongly suppressed (Fig. 2) . Although amiR-7S-B has a high sequence complementarity to the transcripts of two a-and one a 0 -subunit genes, there was a mismatch of five and six nucleotides between amiR-7S-B and the transcripts of one a 0 -and two b-subunit genes, respectively (Fig. 1a) . Although the sequences of both amiR-7S-A and amiR-7S-C were completely complementary to the a-subunit transcripts, the a-subunit accumulated differently in 7S-A and 7S-C plants (Fig. 1a) . This suggests that the strength or specificity of gene silencing mediated by amiRNA might depend on the target position, the amiRNA sequence matching the target transcript, or both. We could not clarify the relation between the suppressive effect for the target gene and the sequence complementarity of the ami-RNA to transcript of the target gene in this study. Therefore, understanding this relation will lead to establish a stable platform of gene silencing mediated by amiRNAs in higher plants.
Accumulation of the a-subunit in mature seeds of 7S-C plants was reduced (Fig. 2) . The level of the b-subunit in 7S-C plant was slightly higher than that in control plants (Fig. 2) , indicating a compensatory relation between these 7S globulin subunits. The increase in the b-subunit has been also observed in transgenic soybean seeds with decreased levels of a-and a 0 -subunits (Kinney et al. 2001 ). Accumulation of the b subunit was sensitive to the concentration of amino acids supplied to the seeds (Ohtake et al. 1997; Allen and Young 2013) . This indicates that the b-subunit levels may be more responsive to changes in nitrogen sources (proteins and amino acids) than those of the a-and a 0 -subunits as well as previous reports described by Ohtake et al. (1997) and Allen and Young (2013) . A compensatory relation between 7S and 11S globulins has been observed when the composition of globulins was altered (Ogawa et al. 1989; Narikawa et al. 2010 ). In our study, the levels of 11S globulin subunits in 7S-A seeds were the same as or slightly higher than those in control seeds (Fig. S4) . However, nitrogen content in the MSP fraction of 7S-A seeds was much lower than that of control seeds, although there was no difference in nitrogen content in whole seeds (Figs. 5, 6 ). This indicates that there was little nitrogen source compensation by an increase in 11S globulins in the MSP fraction.
Many other proteins such as P34, lectin, KTI, basic 7S globulin, lipoxygenase, and sucrose-binding protein Fig. 8 Morphological characteristics of the organelles in mature seeds examined by electron microscopy. a Control. b 7S-A. c Immunoelectron microscopic analysis of a mature 7S-A seed using specific antibody against A 1a B 1b . PSV protein storage vacuole, OB oil body, Bars 1 lm compensate for the decrease in nitrogen sources in seeds with decreased 7S and 11S globulin levels (Kinney et al. 2001; Takahashi et al. 2003; Schmidt et al. 2011) . Lectin and KTI were mainly found in the whey fraction (Sorgentini and Wagner 1999), whereas P34 and lipoxygenase were mainly detected in the LP fraction (Samoto et al. 1998) . Our results show that there was no difference between the 7S-A and control seeds in the nitrogen content and protein distribution in the whey and LP fractions ( Fig. 6a, d; Fig. S3 ). On the other hand, nitrogen content was significantly decreased in the MSP fraction and increased in the residual fraction of the 7S-A seeds (Fig. 6b, c) . Determination of the nitrogen content in each fraction revealed that the decrease in nitrogen sources in the MSP fraction was compensated for by an increase in nitrogen sources in the residual fraction in the 7S-A seeds. Amino acid analysis revealed that increased amino acids in the residual fraction of the 7S-A seeds were derived from proteins or peptides, but were not free amino acids (Table 1; Table S2 ). The increase in nitrogen sources in the residual fraction of 7S-A seeds was mostly derived from the increase in total amino acids (Fig. 7a) . These findings indicate that the decrease in 7S globulin subunits was compensated for by a nitrogen source from a protein or peptides distributed into the residual fraction of the 7S-A seeds. However, the SDS-PAGE profiles revealed no considerable increase in the abundance of any proteins in the residual fraction of 7S-A seeds in comparison with that of control seeds (Fig. S3) . Nitrogen sources that increased in the residual fraction of the 7S-A seeds might be proteins that are not efficiently stained with CBB; alternatively, these nitrogen sources may be derived from short peptides. Kinney et al. (2001) have demonstrated that one of 11S globulin precursors accumulated in the ER-derived vesicles in transgenic soybean seeds with decreased 7S globulin subunit levels. ProGYs were increased slightly in 7S-A seeds, but no such structures were observed in 7S-A seeds by electron microscopic immunological analyses ( Fig. 8;  Fig. S4 ).
The residual fraction obtained during soybean processing is generally known as 'okara'. Dried okara has a good nutritional value, because it contains about 50 % of fiber, 25 % of protein, and 10 % of lipids (Vanderriet et al. 1989; Redondo-Cuenca et al. 2008; Mateos-Aparicio et al. 2010) . Therefore, okara is used as a functional food or for livestock feeding. We demonstrated that a decrease in 7S globulin subunits shifted the distribution of nitrogen sources to the okara fraction. Modification of the major storage protein composition may extend the use of the protein fraction other than the MSP.
